Neonates are considered highly susceptible to gastrointestinal infections. This susceptibility has been attributed partially to immaturity in immune cell function. To study this phenomenon, we have developed a model system with murine neonates, using the natural orogastric route of transmission for the enteropathogen Yersinia enterocolitica. The susceptibilities of 7-day-old and adult mice to orogastric Y. enterocolitica infection were assessed in 50% lethal dose experiments. Remarkably, neonatal mice of either the BALB/c or C57BL/6 mouse strain showed markedly enhanced survival after infection compared to adult mice. The resistance of neonates was not due to failure of the bacteria to colonize neonatal tissues; Y. enterocolitica was readily detectable in the intestine and mesenteric lymph nodes (MLN) for at least 1 week after infection. In adult mice, Y. enterocolitica rapidly disseminated to the spleen and liver. In striking contrast, bacterial invasion of the spleen and liver in neonates was limited. Using flow cytometry and histology, we found substantial increases in the percentages of neutrophils and macrophages in the neonatal MLN, while influx of these cells into the adult MLN was limited. Similar results were obtained using two different high-virulence Y. enterocolitica strains. Importantly, depletion of neutrophils with a specific antibody led to increased translocation of the bacteria to the spleens and livers of neonates. Together, these experiments support the hypothesis that the neonatal intestinal immune system can rapidly mobilize innate phagocytes and thereby confine the bacterial infection to the gut, resulting in a high level of resistance.
One of the most critical stages in immune system development occurs in neonatal life. During the first days and months following birth, newborns are exposed to countless new antigens to which they need to mount appropriate immune responses. For both humans and mice, it has been recognized that immune responses are frequently diminished during neonatal life. It is generally thought that immature responses are due in part to qualitative and quantitative deficiencies in immune cell components (3, 20, 47) . However, whether and how innate immune cell populations contribute to immune system immaturity are controversial (reviewed in reference 39). For example, human studies indicate deficiencies in a variety of neutrophil properties, including chemotaxis, adhesion to and extravasation into inflamed tissues, oxidative burst, and cytokine production (reviewed in reference 32). However, other studies have clearly demonstrated that innate immune cell functions can be comparable to those of adults under the proper conditions (19, 21, 35, 48) .
Adaptive immune responses are thought to be compromised in both human and murine neonates (reviewed in references 3 and 20) . Notably, murine neonates have been shown to generate Th2 memory responses to a variety of antigens in vivo and are typically deficient in the development of protective Th1 memory (2, 20) . In addition, B-cell responses are often qualitatively and quantitatively diminished in neonates (3, 47) . Nonetheless, as for neonatal innate responses, mature adaptive immunity can be modulated to generate adult-like responses by using potent microbial products (7, 8, 13, 29, 34, 38) .
Although both the adaptive and innate arms of immunity are fully mature under some circumstances, their responses are often largely ineffective against infectious agents. Thus, neonates are often susceptible to infectious agents that cause little to no pathology in adults (3, 20, 27) . For example, Yersinia enterocolitica is a gram-negative enteric pathogen that causes gastroenteritis, inflammation of the mesenteric lymph nodes (MLN), and in some rare cases, septicemia (10, 43) . Study of this pathogen is particularly relevant since it is considered a prevalent and emerging cause of childhood gastrointestinal disease in the United States (1, 33, 40) . Indeed, it has been reported that two-thirds of Y. enterocolitica infections occur among infants and children (9) . However, at present, there are few animal systems to model infection of human neonates with enteropathogens. To approach this issue, we have developed a model system to study Y. enterocolitica infection of murine neonates through the natural orogastric (o.g.) route of transmission. To best mimic pediatric disease, we selected 7-day-old mice because they are considered to be most reflective of human newborns (47) . Using this system, we unexpectedly found that neonatal mice are more resistant than adults to primary o.g. infection, as assessed by median lethal dose (LD 50 ) survival experiments. Bacterial colonization experiments revealed that the majority of the bacterial load was contained in the intestines of the neonates, with translocation as far as the MLN but with limited colonization of peripheral organs. However, in adult mice we observed colonization of deeper tissues (liver and spleen), which correlated with their susceptibility to lethality. This led to the hypothesis that neonatal mice are competent to mount a strong antibacterial re-sponse via enhanced intestinal innate immune responses. Flow cytometric and histological analyses demonstrated that, indeed, neonatal mice exhibited a marked influx of neutrophils and macrophages into the MLN compared to infected adult mice. In addition, depletion of neutrophils by antibody treatment revealed an increase in the translocation of Y. enterocolitica to the spleens and livers of infected neonates. The combined results presented here suggest that neonatal mice may be well equipped to promote a robust intestinal inflammatory response that is highly protective toward at least some types of bacterial enteropathogens. Hanks' balanced salt solution (HBSS), and diluted aliquots were plated on yersinia selective agar (YSA) plates (Difco, Sparks, MD). For both strains, bacterial stocks were prepared by overnight culture of fresh bacterial colonies in Luria-Bertani (LB) broth (EMD, San Diego, CA) at 27°C. Cultures were diluted 1:20 in LB broth the next day and grown to early stationary phase. Each strain was stored in 1-ml aliquots in 30% glycerol-LB at Ϫ80°C. The titer of the frozen stock was determined by plating a diluted aliquot on LB plates and then counting colonies after incubation for 48 h at 27°C.
MATERIALS AND METHODS

Bacterial
Mice. BALB/c (Charles River, Wilmington, MA) and C57BL/6 (The Jackson Laboratory, Bar Harbor, ME) mice were bred and housed under barrier conditions in the Division of Veterinary Resources of the University of Miami Miller School of Medicine. Mice were confirmed to be free of common infectious agents through periodic colony screenings. Adult female mice (7 to 9 weeks of age) and neonatal mice (7 days of age) were used in all experiments. Adult mice were given sterile food and water ad libitum prior to infection. Neonatal mice from different litters were separated from the dams and randomly mixed prior to infection. Immediately after infection, the neonates were returned to the dams. Neonatal mice were nursing throughout all the experiments. All animal experiments were approved by the University of Miami Miller School of Medicine Animal Care and Use Committee. o.g. and i.p. mouse infections and LD 50 experiments. Bacterial frozen stocks were washed twice with HBSS and diluted in consecutive 10-fold dilutions to the desired concentrations in sterile filtered 0.1% blue food coloring (McCormick, Baltimore, MD) in HBSS. Blue food coloring was used to facilitate visualization of delivery of the inoculum to the neonatal stomach. For LD 50 analyses, groups of four or five adult mice per dose were inoculated o.g. with the bacterial suspensions via a 1-in.-long, 22-gauge, round-tipped feeding needle (Fine Science Tools, Foster City, CA) attached to a 1-ml syringe. Five to seven neonates were intubated o.g. with PE-10 tubing (polyethylene tube with an outside diameter of 0.61 mm; Clay Adams, Sparks, MD) attached to a 30-gauge needle and a Hamilton syringe (42) . Adults received 100 l and neonates received 25 l of 10-fold dilutions of bacterial suspensions ranging from 2 ϫ 10 3 to 2 ϫ 10 8 CFU of Y. enterocolitica A127/90, depending on the experiment, or from 5 ϫ 10 5 to 5 ϫ 10 7 CFU of Y. enterocolitica WA. Mice were excluded from all experiments when signs of inoculum aspiration were visible, including sneezing and excess fluid in the mouth and nostrils. For infections by the intraperitoneal (i.p.) route, neonatal and adult mice were infected i.p. in parallel, using 30-and 25-gauge needles, respectively. Doses ranged from 10 to 200 CFU Y. enterocolitica A127/90 in a 50-l volume. For all experiments, the actual administered dose was determined by plating serial dilutions of the suspensions on LB plates and incubating them at 27°C for 48 h. For each experiment, there were four or five adult mice and six or seven neonatal mice per dose. The LD 50 means were calculated from three independent experiments. All mice were monitored for signs of distress twice daily for 21 days; mice that had become unable to move were euthanized, and their deaths were included in the analysis.
Bacterial enumeration from organs of infected mice. To measure Yersinia titers in whole gut tissue after o.g. infection, the intestines were excised, from 0.5 cm below the pylorus to about 0.5 cm above the rectum, and placed intact into cold HBSS. The intestines were weighed and homogenized in 5 to 10 ml of cold HBSS, using a Seward Biomaster 80 stomacher (Brinkmann, Westbury, NY) for 2 to 3 min at high speed. The MLN, spleens, and livers of infected mice were excised sterilely at 2 to 9 days postinfection (p.i.) and were homogenized for 2 to 3 min at medium speed in 3 to 6 ml or 3 to 10 ml of cold HBSS, for neonatal and adult organs, respectively. Viable duplicate plate counts were done by spreading serial dilutions of the suspensions on YSA plates and incubating them at 27°C for 48 h. Control experiments with age-matched uninfected mice demonstrated that intestinal commensal bacteria were undetectable using this selective medium (26; data not shown); therefore, we were confident that all bacterial colonies were indeed Y. enterocolitica. The average titer was calculated and expressed as log CFU per gram of tissue. The lower limit of detection for the assay was estimated using similar calculations, assuming the presence of one bacterial colony in the lowest dilution. The limit of detection for all organs of infected neonates and adults ranged from 1.78 to 2.94 log CFU/g tissue.
Cell staining, antibodies, and flow cytometry analysis. Neonates and adults were infected o.g. in parallel with Y. enterocolitica A127/90 or Y. enterocolitica WA. Individual Peyer's patches (PP) from adults and MLN and spleens from both groups were harvested at 3 and 5 days p.i. and placed in cold HBSS containing 1% calf serum (Gibco), 10 mM HEPES (Gibco), and 4 mM sodium azide. Age-matched uninfected mice served as controls. For neutrophil and macrophage analysis, 5 ϫ 10 5 to 1 ϫ 10 6 cells were incubated in mouse Fc Block (CD16/CD32; BD Pharmingen, San Diego, CA) for 5 min on ice, followed by a 30-min incubation with phycoerythrin-conjugated anti-Gr-1 (Ly6C/Ly6G) (BD Pharmingen). To detect intracellular CD68 expression, the cells were fixed, permeabilized, and stained with Alexa Fluor 647-conjugated anti-CD68 antibody (FA-11) per the manufacturer's instructions (Serotec, Raleigh, NC). Samples were analyzed on a Becton Dickinson LSR I flow cytometer. Neutrophils were characterized as Gr-1 hi CD68 int cells, and macrophages were characterized as Gr-1 lo-int CD68 hi cells. Wright-Giemsa staining. In parallel to the flow cytometric studies, MLN suspensions from infected neonatal and adult mice were used for histological identification of neutrophils. Age-matched uninfected mice served as controls. Cells (5 ϫ 10 4 ) were spun onto positively charged slides (VWR, West Chester, PA) at 800 rpm for 8 min, using a cytocentrifuge. Slides were allowed to air dry for 1 h, followed by fixation in 100% methanol. Dry slides were submerged in Wright stain (Sigma, St. Louis, MO) for 6 min, followed by soaking in Sorensen buffer (0.15 M Na 2 HPO 4 , 0.15 M KH 2 PO 4 , pH 6.5) for 3 min. Finally, slides were stained with Giemsa stain (Sigma) for 4 min and washed with distilled water. All cells were viewed under a Leitz Laborlux S microscope at a magnification of ϫ630.
Neutrophil depletion. RBC-8C5 antibody (anti-Gr-1) was collected from ascites fluids grown in nu/nu mice (University of Miami, Miami, FL) and purified over a protein G Sepharose column (GE Healthcare, Piscataway, NJ). Sevenday-old BALB/c mice were injected i.p. with either control rat IgG antibody (Jackson ImmunoResearch Inc., West Grove, PA) or RBC-8C5 antibody 1 day before and 1 day after o.g. infection with 5 ϫ 10 7 CFU Y. enterocolitica A127/90. All mice received a total of 200 g of the appropriate antibody in 50-l injections. The whole intestine, MLN, spleen, and liver were collected at 8 days p.i. and processed as previously described for bacterial counts. To ensure that neutrophils had been depleted, flow cytometric analysis of individual MLN and spleen cells was performed after antibody treatment and o.g. infection. Neutrophils were characterized as Gr-1 hi CD68 int cells and found to be reduced to Յ0.02% of the cells in each tissue (data not shown).
Statistical analysis. LD 50 values were estimated using the method of Reed and Muench (44) . Survival curves were generated by the Kaplan-Meier method, and survival kinetics between neonatal and adult groups were analyzed by the Mantel-Haenszel log rank test (GraphPad Prism 4). Survival curves were considered significantly different when the P value was Յ0.05. For colonization experiments, the data from two or three independent experiments were pooled before analysis. Flow cytometric and histological analyses were performed twice for each Y. enterocolitica strain. The means between groups were analyzed by the MannWhitney test, with significance for P values of Յ0.05. Neutrophil depletion was performed twice, and the mean bacterial titers were analyzed by an unpaired t test, with significance for P values of Յ0.05, after confirming that each group followed a normal distribution. Table 1 ). The differences in the average LD 50 values between neonates and adults of the BALB/c and C57BL/6 strains were approximately 50-and 46-fold, respectively. Comparison of the geometric means between groups showed similar differences (38-and 61-fold for BALB/c and C57BL/6 mice, respectively) ( Table 1 ). These results indicated that the patterns of resistance for both mouse strains were similar in that 7-day-old mice were highly resistant to o.g. infection compared to adult mice. This is clearly demonstrated in Fig. 1A and B, which show significant differences in the survival rates of neonates and adults of both mouse strains (BALB/c [P Ͻ 0.0001] and C57BL/6 [P ϭ 0.0315]) infected with this isolate of Y. enterocolitica.
RESULTS
Neonatal
The Y. enterocolitica strain A127/90 is a clinical isolate which has been used by other researchers for multiple in vitro characterizations (17) . However, this is the first time that the LD 50 for the A127/90 strain has been reported in the literature. The LD 50 value we observed for the A127/90 strain in adult mice was nearly a log lower than the values reported for other strains of Y. enterocolitica (25) . Therefore, to ensure the universality of our findings, we performed an o.g. LD 50 experiment using another high-virulence strain, Y. enterocolitica WA (biotype IB/serotype 0:8). The LD 50 value we obtained for adult BALB/c mice with Y. enterocolitica WA (3 ϫ 10 6 CFU) was similar to that previously reported in the literature (37) . Furthermore, as found for the A127/90 strain, neonatal BALB/c mice were also more resistant to o.g. infection with the WA strain; the LD 50 was still at least a log higher for neonates (5 ϫ 10 7 CFU) than for adults (3 ϫ 10 6 CFU). The proportions of neonates and adults surviving infection with the same dose of Y. enterocolitica WA were also significantly different (P ϭ 0.0315) ( Neonatal mice are very susceptible to ectopic (i.p.) infection with Y. enterocolitica. The finding that neonatal mice showed increased survival after o.g. infection was surprising, since neonates are generally thought to be more susceptible to bacterial infections. However, in contrast to our studies, where we have used the natural route of transmission, many previous studies introduced bacteria ectopically (22, 23, 46) . To determine if the resistance of neonates was restricted to the o.g. route of administration, survival experiments were carried out using Y. enterocolitica A127/90 injected i.p. into BALB/c mice. The results, shown in Table 2 , revealed that neonates were at least one-half a log more susceptible to Y. enterocolitica by i.p. infection than were adult mice; the neonatal survival rate after i.p. injection was also significantly (P Ͻ 0.001) decreased com- Following o.g. infection, Y. enterocolitica is largely confined to the intestinal tissues of neonates. The enhanced resistance of neonates to Y. enterocolitica could potentially be due to developmental or physiological differences between neonates and adults. For example, an immature intestinal environment might preclude efficient colonization of the neonatal gut, leading to rapid clearance of the bacterium from the body. To investigate this possibility, kinetic studies of bacterial colonization of the intestines were performed. Initially, we examined colonization of the whole intestine in neonates and adults infected with the same dose (5 ϫ 10 6 CFU) of Y. enterocolitica. This dose corresponds to approximately 0.8ϫ LD 50 for neonates and 40ϫ LD 50 for adults. The adult intestine harbored low but detectable levels of bacteria at 1 day p.i. (Fig. 3A) . In contrast, high levels of Y. enterocolitica were detected in all of the neonatal mice 1 day after infection and persisted for at least the first 3 days p.i. By this time point, the mean titers for both groups were not significantly different, and at 5 days p.i., high titers were detected in 100% of adult mice, in contrast to 57% of neonatal mice. These data indicate that there is highlevel colonization of the neonatal intestine immediately after inoculation and that the enhanced resistance of neonates is not caused by prompt elimination of the infectious inoculum.
Next, we wished to address whether the enhanced resistance of neonates after o.g. infection was due to failure of the bacteria to invade past the intestinal lumen to establish systemic infection. For this purpose, we compared the colonization kinetics of the MLN, spleen, and liver in neonates and adults during the first week after infection. Y. enterocolitica was detected as early as 2 days p.i. in the MLN of 36% of infected neonates, in contrast to 7% of infected adults (Fig. 3B) . These relative titers were maintained in at least 38% of the neonatal mice analyzed 6 days after infection. By 7 days p.i., the pattern was reversed, with a greater proportion of adult mice (50%) having detectable Y. enterocolitica in the MLN, in contrast to 11% of neonates. In contrast, the relative colonization of the spleen and liver followed a completely different pattern. Viable bacteria were readily detected at 2 days p.i. in the spleens (Fig.  3C) and livers (Fig. 3D ) of 43% and 28% of infected adult mice, respectively. At this time point, the bacterial titers were already high in the spleen. By 6 days p.i., at least 54% of the adult mice showed high titers in the spleen and liver. These titers increased significantly in both organs by 7 days p.i. (P Յ 0.0048) (Fig. 3C and D) . In striking contrast, Y. enterocolitica was detectable only in the spleen (Fig. 3C) and liver (Fig. 3D ) of 1 of 36 infected neonates over the entire 7-day period of analysis. Note that the high bacterial levels in the adult spleen and liver correlate with their susceptibility to the lethal effects of the infection. Together, these findings show that Y. enterocolitica is able to efficiently colonize the intestinal tissues of adults and neonates but that further dissemination of bacteria beyond the gut is limited in neonates.
The observation that Y. enterocolitica is largely retained in the guts of neonates offers a potential explanation for their high-level resistance, since containment of the bacteria in the intestine or MLN could potentially spare vital organs from the harmful effects of an inflammatory response. However, this result also raised the possibility that the lack of detectable bacteria in the spleen was due to developmental immaturity in the neonate that prevented systemic colonization. Therefore, we wished to determine whether it was possible to colonize the neonatal spleen and liver with Y. enterocolitica under any conditions of infection. Initially, we addressed this question by increasing the infectious dose given o.g. to neonates. As shown in Fig. 4A , once the titer of bacteria was increased to 10ϫ LD 50 for neonates (5 ϫ 10 7 CFU), colonization of the MLN was evident at 4 days p.i., when 80% of infected neonates had substantial bacterial titers in the MLN. The bacterial levels in the neonatal MLN increased significantly (P ϭ 0.0046), by 2 log, 3 days later and persisted at high numbers as late as 9 days p.i. in 100% of analyzed mice. In contrast, viable Y. enterocolitica was not detectable in the neonatal spleen at 4 days p.i., even in the presence of high bacterial titers in the MLN (Fig.  4B ). Only one neonate had detectable bacteria in the liver at this time point. By 7 days p.i., it was possible to recover Y. enterocolitica from the spleens and livers of 28.6% and 57% of infected neonates, respectively. However, the average levels of on September 7, 2017 by guest http://iai.asm.org/ bacteria in these tissues were reduced over 4 log compared with the titers found in the MLN at the same time point. By 9 days p.i., greater percentages of mice had higher but comparable bacterial levels in the spleen (75%) and liver (100%). Interestingly, the mean Y. enterocolitica level found in the liver at 9 days p.i. was at least 1 log lower than that detected in the adult liver 7 days after infection with a comparable dose (Fig.  3D) . Strikingly, the mean bacterial level detected in the neonatal spleen (4.6 log) at 9 days p.i. was at least 3 log lower than that found in the adult spleen (8.0 log) after 7 days of infection (Fig. 3C ). This may indicate that despite translocation of the bacteria to peripheral tissues, neonates carry lower titers than infected adult mice.
To demonstrate independently the ability of Y. enterocolitica to spread to deeper tissues following infection, colonization experiments were done using another route of infection. When neonatal mice were infected i.p. with 5ϫ LD 50 (150 CFU), we observed a substantial colonization of the spleen and liver at 7 days p.i. in 86% of mice analyzed (Fig. 4C) . Collectively, these data indicate that Y. enterocolitica is efficiently confined to the intestinal tissues upon o.g. exposure and when the infective doses are sublethal. However, some systemic spread can be observed when neonates are exposed to lethal bacterial doses o.g. or when the bacteria are introduced ectopically.
Following o.g. infection in neonates, there is a marked influx of innate phagocytes into the neonatal MLN. The observation that the majority of Y. enterocolitica organisms are contained in the intestine and MLN and do not reach peripheral tissues is consistent with the idea that the infection may be controlled by regional innate immune responses in the neonatal gut. A substantial difference between neonates and adults infected with a lethal dose is in the extent of gross tissue changes that occur in the MLN. Indeed, we observed that the neonatal MLN increase dramatically in size and weight (Ͼ2-to 11-fold increase in weight compared with those of age-matched uninfected controls) by 7 days after o.g. infection with 5 ϫ 10 7 CFU Y. enterocolitica (Fig. 5A ). Adults infected with the same dose showed little to no change in MLN weight (Ն1.8-fold increase) (Fig. 5A) . Based on the pattern of bacterial colonization and the changes in organ size, we hypothesized that resistance in neonates may be attributed to enhanced recruitment of innate phagocytes that function to limit the spread of the bacteria beyond the neonatal gut. To test this idea, we analyzed the influx of neutrophils and macrophages, two innate phagocytes which have been shown to be important in controlling Y. enterocolitica infection in adult mice (5, 15) . Flow cytometric analysis of individual MLN of neonates and adult mice infected o.g. with 5 ϫ 10 7 CFU Y. enterocolitica A127/90 was conducted. As previously described by others (31, 41) , neutrophils were identified as Gr-1 hi CD68 int cells, and macrophages were identified as Gr-1 lo-int CD68 hi cells (Fig. 5B) . There was an increase in the percentages of both neutrophils (Fig. 6A) and macrophages (Fig. 6B ) in the MLN of most infected neonates analyzed as early as 3 days p.i. compared with agematched uninfected controls. However, there were no significant changes in the percentages of neutrophils (Fig. 6A) and macrophages (Fig. 6B) in the adult MLN analyzed at 3 (Fig. 6 ) and 5 days p.i. (data not shown). We observed significant differences (P ϭ 0.0095) in the percentages of neutrophils (16-fold) and macrophages (2.5-fold) in the MLN of infected neonates compared to those in the MLN of infected adults. The limited phagocyte infiltration in the adult MLN could not be accounted for solely by the absence of Y. enterocolitica in this organ because there were similar mean titers (mean Ϯ standard deviation) at 4 days p.i. in the MLN of neonates (6.1 Ϯ 2.1) and adults (7.7 Ϯ 0.3) infected with this dose. In addition, the low percentages of neutrophils and macrophages in the adult MLN could not be explained as a failure to detect these cell populations because staining of PP and spleen cells from the same mice revealed increases in both populations as early as 3 days p.i. (data not shown), which is consistent with previous reports (5, 25) . These results indicated that even at very high doses of bacteria (Fig. 4A) , inflammatory infiltration into the adult MLN was decreased compared to that for neonates. To determine that these results were not limited to the A127/90 strain, we then measured neutrophils and macrophages infiltrating the neonatal MLN after infection with 5 ϫ 10 8 CFU of Y. enterocolitica strain WA. Similar to what was observed with a high dose of Y. enterocolitica A127/90, we detected significantly greater percentages of neutrophils (3.8-fold; P ϭ 0.0152) (Fig. 6C) and macrophages (1.8-fold; P ϭ 0.0411) (Fig. 6D ) in infected neonates than in infected adult mice. To confirm that the large influx observed in neonates by flow cytometry was indeed composed mostly of neutrophils, Wright-Giemsa staining of MLN cells from the same mice was performed (Fig. 6E) . Using this method, percentages of neutrophils comparable to those observed by flow cytometry were found for the MLN of uninfected and infected neonatal and adult mice (Table 3 ). The differences in percentages of neutrophils in the neonatal MLN compared to adult mice infected with Y. enterocolitica A127/90 and WA were 17-and 10-fold, respectively. Altogether, these results indicate that neonatal mice have a proportionally greater neutrophil infiltration than do adult mice infected with two different high-virulence Y. enterocolitica strains.
Neutrophil depletion leads to a greater proportion of neonates with high bacterial titers in the spleen and liver. Since neutrophils are highly phagocytic, the increased neutrophil infiltration in the neonatal MLN suggested that this cell population in particular may contribute to the resistance of neonates after o.g. infection. In this case, neutrophils would be important in controlling bacterial replication in neonatal intestinal tissues. To address this possibility, we analyzed the impact of neutrophil depletion prior to infection with a high bacterial dose. We used the monoclonal antibody RBC-8C5 (anti-Gr-1), which selectively targets neutrophils and has previously been on September 7, 2017 by guest http://iai.asm.org/ used successfully in neonatal mice (21) . To verify that neutrophils were depleted by this antibody under our infection conditions, flow cytometric analysis of cells from infected mice determined that Gr-1 hi CD68 int cells were reduced to Ͻ0.02% of cells in the neonatal MLN and spleen after injection with the anti-Gr-1 antibody (data not shown). Therefore, we were confident that the antibody treatment effectively reduced the neutrophil population. Neonatal mice were treated with anti-Gr-1 antibody 1 day prior to and 1 day following infection with 10ϫ LD 50 , and their tissues were analyzed 8 days p.i. for bacterial colonization. The bacterial titers found in the intestines and MLN did not differ between groups, indicating that all mice were productively infected (data not shown). However, the anti-Gr-1 antibody treatment increased the proportion of neonatal mice with detectable Y. enterocolitica to 100% for the spleen and liver, in contrast to 43% and 71% for the control group (Fig. 7) . The mean bacterial titers in the neutrophil- on September 7, 2017 by guest http://iai.asm.org/ depleted neonates for both organs were at least 2 log higher than those found in the control mice, although statistical significance (P ϭ 0.038) was only evident for the spleen. These results suggest that in the absence of neutrophils, the bacteria are able to replicate and disseminate into peripheral tissues at greater rates, resembling the colonization pattern observed in adults. These observations indicate that neonatal neutrophils may contribute substantially to the increased resistance observed in neonates. The combined results from these experiments support our main hypothesis that the innate immune system of neonates rapidly mobilizes phagocytes to the gut and that these phagocytes efficiently protect against Y. enterocolitica introduced through the natural route of infection.
DISCUSSION
The studies presented here were initiated in an effort to identify the pattern of immune responsiveness in the developing gut to the food-borne enteropathogen Y. enterocolitica. Remarkably, we found that 7-day-old mice infected o.g. with the highly pathogenic Y. enterocolitica A127/90 strain (17, 28) show enhanced survival compared to that of infected adult mice. This was a very surprising finding because for a number of other murine models of infection, including Salmonella enterica serovar Typhimurium and Listeria monocytogenes infection, neonates have been reported to be more sensitive to the pathogenic effects of bacterial agents administered both through the natural route of exposure and parenterally (12, 16, 21, 22, 45) . It is remarkable that neonates, despite their smaller size and lower immune cell numbers (3, 18) , were able to control o.g. Y. enterocolitica infection better than adult mice. In fact, normalization of the LD 50 values suggests that, on the basis of body size, neonatal mice may be at least 200 times more resistant to infection than adults. To our knowledge, this is the first report in the literature of an experimental model of infection where neonatal mice have improved survival over adult mice in the absence of exogenous treatment with immunomodulatory agents. These striking results raise the possibility that Y. enterocolitica may elicit distinct responses in neonates that lead to highly efficient mucosal immune antimicrobial function. We proposed that the increased survival of neonates and containment of Y. enterocolitica in the gut tissues would be due to a quantitative difference in the recruitment of innate phagocytes. This idea was supported by flow cytometric and histological analyses. Neonatal mice infected with doses above the LD 50 showed significantly increased levels of neutrophil and macrophage infiltration in the MLN early after infection. However, increased infiltration was only apparent in the PP and spleens of infected adults and was minimal in their MLN. Importantly, depletion of neutrophils increased the rates of colonization of peripheral tissues in infected neonates. Thus, the improved survival of o.g. infected neonates may be partially attributable to innate phagocytes actively containing the infection to the neonatal intestinal tissues.
In contrast to our results using the o.g. route, neonatal mice were highly susceptible to infection after exposure by a peripheral route. We propose that the ability to mount a protective inflammatory response in neonates may be dependent on the route of exposure. Since it is recognized that the majority of infectious agents are encountered through the mucosal surfaces of the gastrointestinal and upper respiratory tracts, it is plausible that the neonatal innate immune system may have an important role in preventing the replication or spread of pathogens entering through mucosal surfaces. These responses, however, may be suboptimal when the pathogens bypass the natural defenses elicited by the mucosa. In this regard, Lotz et al. demonstrated that intestinal epithelial cells from 6-day-old mice spontaneously produce the chemokine macrophage inflammatory protein 2 (36), which is thought to recruit neutrophils and macrophages to sites of inflammation (14) . In contrast, it has been shown for newborn rats infected i.p. with group B streptococci that there is a delayed recruitment of innate phagocytes to the site of bacterial exposure compared to that in adult mice (46) . However, similar to our results for the gut, Garvy and Harmsen (21) showed that there is an early and substantial influx of neutrophils into the lungs after intranasal inoculation of 1-day-old neonatal mice with Streptococcus pneumoniae. This information suggests that neonates may be fully equipped to promote inflammatory responses when infectious agents are encountered through natural routes of infection. With this model, we expand previous reports to include natural o.g. infection of murine neonates with Y. enterocolitica as another example of potential antigenic conditions that may trigger highly protective responses (4, 8, 13, 29, 35, 38, 49) . Together, our data suggest that neonatal mice may be better prepared to respond to o.g. Y. enterocolitica infection by means of a very plastic and efficient intestinal innate immune response.
The neonatal infection model we have developed will be valuable for expanding our knowledge of the immunological development of the gut. In addition, we propose that this model will be extremely valuable for understanding pediatric yersiniosis, since it shares several striking characteristics with pediatric disease pathology. First, despite the enhanced survival of neonates from Y. enterocolitica lethality, infection with high doses of Y. enterocolitica led to a pronounced inflammatory response in the neonatal MLN, as measured by high bacterial titers, infiltration of innate phagocytes, and a remarkable increase in the net MLN weight. This last physical character- (12, 45) . One major difference in experimental design is that unlike in our experiments, the neonates used for the S. enterica serovar Typhimurium experiments were treated with antibiotics to eliminate the intestinal commensal flora (45) . In these mice, the intestinal immune system may have been relatively underdeveloped compared with that of our neonatal mice. In addition, the modes of delivery of the bacteria are also different, because in our model the bacteria are introduced into the stomach, while in the Salmonella model the bacteria are deposited into the mouth (12) . The difference in susceptibility between neonates infected with Y. enterocolitica and those infected with S. enterica serovar Typhimurium may also be related to the environment in which each particular bacterial species prefers to replicate. It is thought that Y. enterocolitica can survive extracellularly in lymphoid tissues (24) , while S. enterica serovar Typhimurium is, for the most part, an intracellular pathogen. It is possible that the relative susceptibilities of neonates to these pathogens may be a matter of the type of organism encountered.
Lastly, it is important to consider the potential effects of immune factors transferred from the dams to the infected neonates. The transfer of protective antibodies transplacentally or through the milk is thought to reduce the susceptibility of neonates to gastrointestinal disease (11) . However, in our experiments, the nursing dams were not previously exposed to any enteric bacterial pathogens. Therefore, it would be unlikely that Y. enterocolitica-reactive antibodies could be transferred transplacentally or in the milk to the nursing neonates and thereby protect them from infection. In addition, the high bacterial titers found in the intestine (Fig. 3A) and MLN (Fig.  4A ) during the course of infection would also suggest that transferred innate immune factors do not have strict bactericidal properties. Therefore, the enhanced survival of neonatal mice may reflect an endogenous immune response rather than the antibacterial function of transferred maternal immune factors.
